INTRODUCTION
Previous studies of Arthrobacter D-xylose isomerase include its purification and properties (Smith et al., 1991) , the cloning and expression of the structural gene in either Arthrobacter or Escherichia coli hosts (Loviny-Anderton et al., 1991) , the tertiary structure of the Mg2"-enzyme at 0.23 nm (2.3 A) resolution (Henrick et al., 1989) and studies of the mechanism by X-ray crystallography (Collyer et al., 1990) , molecular-dynamics simulation (Smart et al., 1992) and enzyme kinetics .
As a background to improvements that might be made by protein engineering to improve its thermostability as a commercial glucose isomerase for production of high-fructose syrups, the stability to denaturants and/or heat in presence of various ligands was also studied . The tertiary structure reveals that the tetramer could dissociate into three possible dimer conformations, named A-A*, A-B and A-B* (Figure 1 ), and that residues from each subunit contribute to the active site which lies at the A-B* interface (Henrick et al., 1989) . Urea at room temperature causes rapid reversible dissociation of the Mg2+-enzyme into fully active A-B* dimers with midpoint around 4 M urea. In 8 M urea at higher temperatures these partially unfold to give an Mg-A-B* dimer intermediate with 50% activity, followed by irreversible inactivation coincident with the appearance of unfolded monomer. In 0-1 M guanidinium chloride, a similar reversible dissociation into active dimers occurs, but A-A* and/or A-B dimers seem also to be part of the mixture. Low concentrations of SDS also give active dimers, leading to unfolded monomers, but SDS above I % (w/v) provides relative stabilization.
It therefore appeared that thermal unfolding might follow a similar pathway of dimerization followed by monomerization. In similar Km to that of the wild-type, and its V,ax is also similar below pH 6.4, but declined thereafter. In the presence of Co2+, Y253C has lower activity than wild-type at all pH values, but its activity also declines at alkaline pH. These results suggest that electrostatic repulsion from the new position of Glu185 causes Asp254 to move when His219 is unprotonated, thereby preventing M2' binding at Site [2] . These results also suggest that subunit dissociation does not lie on the pathway of thermal inactivation of D-xylose isomerase, but that movements of active-site groups are a trigger for conformational changes that initiate the unfolding process.
that case, introduction by protein engineering of disulphide bridges or salt bridges at each of the subunit interfaces should strap these together and increase thermostability. The present paper reports the effect of such mutations on activity and thermostability.
MATERIALS AND METHODS
Unless otherwise stated, all materials and methods were as described by Smith et al. (1991) and Loviny-Anderton et al. (1991) . The four subunits, composed of a fl-barrel (circle) and a C-terminal tail (oval) 
Site-directed mutagenesis
All mutant genes were made directly in plasmid pAXI 3A.00 using mutagenic oligonucleotides synthesized by Mr J. KnillJones (Department ofChemistry ofthis College) using an Applied Biosystems DNA synthesizer. After deprotection in ammonia overnight, they were purified-on Pharmacia Mono-Q HR 5/5 columns, eluted with a gradient of 0-1.1 M NaCl in 0.1 M NaOH, phosphorylated as described by Zoller and Smith (1982) and stored as 5 pmol/,ul stock solutions at -20 'C. Site-directed mutagenesis was performed using the phagemid in vitro Mutagenesis Kit (Bio-Rad Laboratories, Hemel Hempstead, Herts., U.K.), which employs the method of Kunkel (1985) .
Hybridization screening of transformants
Putative mutant colonies were plated on LB/ampicillin, and individual clones were lifted on to nylon membrane filters and lysed on Whatman 3MM paper pads soaked in 1.5 M NaCl/0.5 M NaOH for 7 min. The filters were neutralized on pads soaked in 1.5 M NaCl/0.5 M Tris/HCl, pH 7.5, air-dried and u.v-irradiated for 3-5 min to fix the DNA.
Radiolabelled probes were made by incubating 5 ,ul (25 pmol) of the oligonucleotide, 31u1 of [y-32P]ATP containing 30 4uCi (Amersham International, Aylesbury, Bucks., U.K.), 2 ,1 of T4 polynucleotide kinase, 5#1 of kinase buffer [1 M Tris (pH 8.0)/100 mM MgCl2/70 mM dithiothreitol] and 36,ul of sterile water at 37 'C for 30 min, followed by incubation at 70°C for 10 min to inactivate the kinase. Non-incorporated radionucleotide was removed using Pharmacia Nap-5 columns according to the manufacturer's instructions (Pharmacia P-L Biochemicals, Milton Keynes, Bucks., U.K.).
Filters were prehybridized as described in Sambrook et al. (1989) for 1 h at 67 'C before adding the labelled oligonucleotide. Annealing was carried out at 67 'C for 20 min, followed by overnight cooling to room temperature. The filters were washed three times with 6 x SSC buffer (0.09 M sodium citrate/0.9 M NaCl adjusted to pH 7.0 with NaOH), dried on Whatman 3 MM paper, wrapped in clingfilm and autoradiographed at -70 'C for 1-2 h. The washing temperature to distinguish wild-type and mutant colonies was chosen as described by Suggs et al. (1981) . The identity of mutant colonies was confirmed by sequencing single-stranded phagemid DNA using the dideoxy-chaintermination method of Sanger et al. (1977) .
Construction of mutant genes
The following mutagenic oligonucleotides were used (changed nucleotides are indicated in bold:) .
Electrophoresis and enzyme assays in the presence of urea Electrophoresis in the presence of 8 M urea, pH 8.8, was performed in 7.50% (w/v) polyacrylamide gels by the method of Marshall and Inglis (1987) and D-xylose isomerase activity in gels was detected as described by Smith et al. (1991) . Urea-gradientgel electrophoresis (Creighton, 1979) and enzyme assays in the presence or absence of urea were carried out as in .
Measurement of thermostability
'Melting-point' experiments were performed in evacuated and sealed glass tubes in 5 mM MgCl2/20 mM potassium phosphate buffers at a concentration of 1 mg/ml enzyme at pH 6.5 or pH 8.0 as described by .
Determination of free thiol groups in mutant proteins Mutant proteins purified in the thiol form were subjected to gel filtration at 4°C using Sephadex G-25 X-ray crystallography Metal-free crystals of the apo form of oxidized Y253C (Tyr253 _. Cys) mutant enzyme were grown under similar conditions to those used for the native enzyme (Akins et al., 1986) , and were of the same form as native crystals [space group P3121, a = 10.6 nm (106 A), c = 15.3 nm (153 A), with the asymmetric unit containing two subunits of the tetramer]. Crystals were initially harvested into 2.8 M (NH4)2SO4 solution, saturated with thymol and buffered to pH 7.8 with 50 mM triethanolamine. Crystals were subsequently transferred to a similarly buffered solution containing 3.2 M ammonium sulphate/50 mM MnSO4/5 mM ,-mercaptoethanol, saturating thymol and 1.0 M xylitol, which is an acyclic polyol analogue of D-xylose/xylulose and a potent inhibitor of the enzyme. Following a 48 h soak, a single crystal was mounted directly from the soak solution into a capillary tube, which was maintained at 21°C during the diffraction experiment. X-ray-diffraction measurements to 0.25 nm (2.5 A) spacing were recorded on film at the synchrotron radiation source, Daresbury, as previously described (Henrick et al., 1989) . The CCP4 suite of programs was used for data processing and reduction.
An initial molecular model was constructed by removing the substrate and the side-chain atoms beyond C, of residue 253 from each subunit of a model previously refined by Collyer et al. (1990) . A difference electron-density map at 0.25 nm (2.5 A) calculated using Fourier coefficients FY253C-F idtype and wildtype phases allowed manual improvement of the starting model. Co-ordinate refinement was carried out using the restrained least-squares of refinement program PROLSQ (Hendrickson and Konnert, 1980) and was alternated with rounds of manual intervention. Refinement proceeded until all uninterpretable difference electron density was less than four times the rootmean-square (r.m.s.) deviation from mean density.
The crystallographic merging R-factor is defined as:
where Ih i is the ith measurement of the intensity of reflection h and Ih is the mean of these measurements.
RESULTS

Structural modelling of subunit-interface mutants
The target was to increase interactions at the subunit interfaces to reduce dissociation into dimers and monomers that appeared to lie on the unfolding pathway . A search of refined protein structures using the IDITIS structure and sequence database (Thornton and Gardner, 1989) revealed that the distance between the f-carbons of disulphide bridges is generally in the range 0.36-0.4 nm (3.6-4.0 A). The D-xylose isomerase crystal structure (Henrick et al., 1989) Figure 1 and whose structures are shown in Figure 2 .
(1) Leu'99 -+ Cys and Ala200 -+ Cys (Li 99C + A200C)
These provide two bridges at the A-A* interface with minimum steric constraints.
(2) Ala223 _. Cys (A223C)
This residue lies on a symmetry axis, so could form a disulphide bridge in which the two additional sulphur atoms are comfortably accommodated at the A-A* interface.
(3) Tyr253 -+ Cys (Y253C)
This lies on a symmetry axis at the A-B* interface and elimination of the bulky aromatic side chains allows ample room for the two S atoms. However it leaves more of a hole than the other two.
(4) GIu203 -+ Asp and Gln204 -+ Arg (E203D+Q204R)
There are already several buried salt bridges that appear to stabilize the subunit interfaces (Henrick et al., 1989) : two at the A-B* (B-A*) interfaces (Asp23-Arg139 and Asp140-Arg249) and three at the A-A* (B-B*) interfaces (Asp"07-Arg375, Glu302-Arg'12 and Asp360-Arg'12). It was observed that the above would provide an additional A-A* salt bridge shown in Figure 3 .
Purffication of the mutant proteins
The procedure was essentially identical with that described by Smith et al. (1991) for purification of the wild-type enzyme from Arthrobacter cells. Each E. coli TG2 host was grown to stationary state in 60-litre batch fermenters of 2 x TY (tryptone/yeast extract) + ampicillin medium. Cell-free extracts prepared by lysozyme treatment of 20-50 g samples of these cells were used in each purification. The yields were very similar for each mutant, corresponding to 7-14 % of the protein in the cell extract. The two disulphide-bridged mutants, L199C+A200C and A223C, and the salt-bridge mutant, E203D + Q204R, had activities towards D-xylose and D-fructose identical with those of the wildtype enzyme . Therefore, in these studies, the effect of high fructose concentrations on the rate of thermal inactivation was measured by sampling 
pH-dependence of Km and VL,a of the oxidized Y253C
Mg2+-enzyme Figure 4 shows the values of Km(app) obtained from assays at 30°C in saturating concentrations of Mg2" (10 mM) at various fructose concentrations over a range of pH values. The decrease in 1/Km at acid pH fits a single ionization constant of pKa = 7.17 + 0.2 compared with a pK. of 6.80 + 0.07 for the wildtype enzyme . The value of Km at pH 8 was comparable with that of the wild-type enzyme.
Values of Vm1ax in the above experiments were unreliable because variable amounts of enzyme had been used, so the values shown in Figure 4 were obtained at 30°C, and similar Mg2+ concentrations, using 3.2 M D-fructose, which is in large excess of the Km(app) at pH 7.5 (0.12 M), and are corrected at lower pH using the observed Km(app.) values. Figure 4 shows that Vmax. below pH 6.4 is similar to that of the wild-type enzyme, but declines rapidly at higher pH.
The pH-dependence of the fructose isomerase activity of the Co2+ form of the oxidized mutant enzyme in the presence of 2 mM Co2+ was also investigated as shown in Figure 5 , though in this case Km and Vm.X were not determined separately.
Although 3.2 M fructose was used, one cannot assume that the curve represents Vmax. at all pH values, since the Km(app of the wild-type is very high (1.7 M) for this substrate Assays were at 30°C against 3.2 M D-fructose in buffers at various pH values, as in Figure   4 , containing 2 mM Co2+. The broken line shows the activity of wild-type (wt) enzyme under similar conditions, calculated from the data of . Table 1 shows the 'melting points' of the mutant D-xylose isomerases at pH 6.5 and pH 8.0 in the presence and absence of ligands. The salt-bridge mutant has thermostability identical with that of the wild-type for both apoenzyme (73°C), Mg2+-enzyme (81°C) and Mg2+-enzyme + xylitol (81.5°C) . However, the Y253C mutant has much lower melting points at both pH 8 and pH 6.5, approx. 10°C less for the Mg2`-enzymes and Mg2+-xylitol-enzymes and 15°C for the apoenzymes. It is interesting to note that the thermostability of both oxidized and reduced forms is the same.
The urea stability of the salt-bridge mutant was also very similar to that of wild-type, whereas the Y253C mutant was less stable. Wild-type and mutant D-xylose isomerases in the Mg2+-form (0.7 mg/ml) were incubated for 1 h at 30°C in 0-8 Murea/10 mM MgCl2/O.1 M Tris/HCl, pH 8.0, and assayed using 1.25 M fructose as substrate in similar buffers. Figure 6 shows X-ray crystallography of the Tyr 53 _+ Cys mutant enzyme
The final X-ray data set for the Tyr-+ Cys mutant crystal comprised 32015 unique reflections from a total of 71670 observations [91 % of the unique data to 0.25 nm (2.5 A) resolution] with a merging R-factor on intensities of 6.1 %. The refined model has a crystallographic R-factor of 15.7% for all data to 0.25 nm (2.5 A) resolution, and contains 6577 atoms with r.m.s. deviation from standard bond lengths of 0.0019 nm (0.019 A). Superposition of the crystallographically independent monomers provides an estimate of the accuracy of the refined model; the r.m.s. separation of all ac-carbon atoms is 0.024 nm (0.24 A).
The initial difference Fourier map (FY253C-Fwud.type a wildtype) at 0.25 nm (2.5 A) showed a significant peak of electron density between the C, atoms of the mutated residue 253 on subunits A and B*. The residues were replaced with cysteines and a right-handed disulphide bridge was modelled. A difference map I., The electron density was calculated at 0.25 nm (2.5 A) resolution using Fourier coefficients ,-and is contoured at the 4 o-level. Density is observed for the alternative conformation of Asp254.
(F.-FJ, a c) calculated after the completion of refinement is shown superimposed on the mutant structure in Figure 7 . The resulting atypical disulphide dihedral angles are Xi =-71°, = 65°, X3== 1570, X2 =-51, X1 = -750, and the distance between the a-carbons of the two cysteines is 0.453 nm (4.53 A). Superposition of the refined Tyr -+ Cys A-subunit on to the corresponding wild-type subunit results in a r.m.s. distance between c-carbons of 0.0 18 nm (0.18 A) and reveals only minor differences in the main chain in the vicinity of the disulphide bridge. Significant differences between the superposed structures are restricted to the mutated residue 253, the contiguous residue Asp254 and the side-chain of Glu185, which adopts a mean X2 value of 440 (wild-type mean X2 = 158°) (Figure 8) .
Electron-density maps show xylitol bound at full occupancy in the extended conformation. Figure 2 and Figure 3. They were purified in similar fashion and yield to wild-type enzyme, and were tetramers with D-xylose-and D-fructose-isomerizing activities. The disulphide bridges formed spontaneously and quantitatively on standing in air at 4°C, and the electrophoretic mobilities of the oxidized denatured proteins corresponded to dimers.
The thermostability of the three A-A* mutant enzymes, Ala223
Cys, Leu , indicating that interactions at the A-A* and A-B subunit interfaces are much weaker than at the A-B* interface. This, too, is surprising, because hypothetical A-A* dimers appear relatively compact compared with A-B or A-B* dimers, where the long C-terminal tails lack contacts with the N-terminal fl-barrel and appear to be very flexible (Henrick et al., 1989) . In 8 M urea, these A-B* dimers decay directly to unfolded inactive monomers, suggesting that reversible dimerization followed by irreversible monomerization should also lie on the thermal unfolding pathway . The disulphide bridge in mutant Ala223 -+ Cys and the two bridges in mutant Leu199 -* Cys + Ala200-_ Cys covalently link the A-A* subunits, which would prevent formation of A-B* dimers.
Mutant Glu203 -. Asp + Gln204 -+ Arg has an A-A* salt bridge additional to the three already present, which should strengthen the A-A* interface, yet it too is unchanged in thermostability.
Dimerization at the A-A* interface would break these salt bridges and expose many buried residues that would at first sight be potential unfolding points at high temperatures. Hence one can conclude that thermal unfolding does not primarily involve exposure of the A-A* interface, and by inference of the A-B interface, since this appears to be also weak. Irreversible thermal unfolding must therefore being in the tetramer.
The fact that none of the A-A* mutants showed reduced thermostability is equally significant. In all the A-A* thiol mutants, the disulphide bridges formed readily and spontaneously in air and the enzymic properties were unchanged in both the oxidized and reduced forms. The modelling showed minimal steric distortions for the A-A* interface mutants, but replacement of Tyr253 leaves space around the Cys253 residue that could increase flexibility in a region of the chain that seems important to control the conformation of active-site residues.
However, the Tyr253 _+ Cys mutant in the presence of 10 mM Mg2+ has fructose isomerase activity identical with that of the wild-type at pH 6.4, but showed only 10-15% activity of the wild-type enzyme at pH 8. The Km values were similar to those of the wild-type, but showed a slight pH shift, corresponding to a shift in PKa of His"3 from 6.80 to 7.17 (Collyer et al., 1990; .
Further light is shed by the X-ray structural study of Y253C crystals in the presence of Mn2+ and xylitol at pH 7.8. Of the residues making up the active site, the carboxylate side chain of Glu185 is turned away from the active site and adopts a conformation that would be sterically unacceptable in the wildtype enzyme (Figure 8) Glul85 is conserved in other xylose isomerase enzymes (Henrick et al., 1989) and, in the wild-type enzyme, its carboxylate side chain is directed towards active-site residues Lys182 and Asp2i4, a ligand to the metal at site [2] . The role of the equivalent Glu16 in xylose isomerase from Actinoplanes missouriensis has been studied by van (Collyer et al., 1990) , and van Tilbeurgh et al. (1992) have proposed that positional shifts of this residue may be integral to the xylose isomerase mechanism, facilitating both the movement of metal at Site [2] and the shuttling of a proton between the substrate 02 and 01.
The thermostability of the Tyr253 _* Cys mutant enzyme is identical in both oxidized and reduced forms, but significantly lower than that of the wild-type in the presence or absence of ligands, at both pH 6.5 and 8.0. It is also slightly less stable in 8 M urea and in urea-gradient PAGE at 62°C , undergoing irreversible denaturation above 5.7 M urea in both oxidized and reduced forms, compared with 6.7 M urea for the wild-type. In contrast the A-A* salt-bridge enzyme is indistinguishable from wild-type in all these respects, as are the A-A* disulphide mutants in all properties investigated. Taken together with the unchanged activity and thermostability of thermolysin fragments of this enzyme, which also retain tetrameric structure but lack all the C-terminal helical tails (Siddiqui et al., 1993) , this suggests that the irreversible thermal unfolding step begins in the tetramer and is triggered by movements of charged groups in the active site. This conclusion is supported by the finding that the
